Abstract
Introduction present. A glaucomatous visual field defect was defined when at least one of the following conditions was satisfied: (1) outside normal limits on a glaucoma hemifield test; (2) three contiguous non-edge points (allowing for two nasal-step edge points) with a probability of <5% of being normal and one with a probability of <1% based on pattern deviation; or (3) a pattern standard deviation of <5%. Cases with fixation loss rates > 20% and false-positive and falsenegative error rates > 15% were excluded. Healthy subjects were defined as those having intraocular pressure (IOP) of < 21mmHg, a normal-appearing optic disc, and normal visual field results with no history of increased IOP.
Ocular examinations
All subjects underwent complete ophthalmic examinations. Examinations included a complete medical history assessment and determination of Snellen best-corrected visual acuity, IOP (Goldman applanation tonometry), and refractive spherical equivalent (SE). Slit-lamp biomicroscopy, gonioscopy, and stereoscopic optic disc examination using 90D lens were also performed. Central corneal thickness was measured using ultrasonic pachymetry (Sp-300, Tomey Co., Nagoya, Japan). Visual field (VF) tests using the central 30-2 SITA-Standard strategy with a Humprey field analyzer (model 750, Carl Zeiss Meditec, Dublin, CA, USA), RNFL and optic disc photographs (KOWA VX-10, Kowa Company Ltd., Tokyo, Japan), and SS-OCT imaging were performed.
SS-OCT protocol
All OCT examinations were performed by a single experienced technician. Pupil dilation was induced in patients before examination. The SS-OCT wide scan covers a 12 x 9 mm area of the posterior pole, which comprises 256 B-scans, each comprising 512 A scans (512 X 256 Ascans, 512 A-scans for each of 256 B-scans) for a total of 131,072 axial scans/volume. In this protocol, 100,000 A-scans are acquired per second for an axial resolution of 8 μm and lateral resolution of 20 μm for the wide-angle scan. [6] The SS-OCT standard macula scan (horizontal cube scan) covers an area of 7 X 7 mm centered on the fovea with 512 X 256 A-scans. The SS-OCT standard disc scan (horizontal disc circle grid scan) covers an area of 6 X 6 mm focused on the optic disc, and cpRNFL thickness was then measured by automated placement of a circle 3.4 mm in diameter, centered on the disc. Manual adjustments of circle placement were performed if necessary.
For the analysis of macula area, the thickness of the ganglion cell layer plus inner plexiform layer (mGCIPL), mGCIPL plus the nerve fiber layer (mGCC), and total retinal layer (TRL) in the 6 X 6 mm area centered on the fovea were measured by the segmentation algorithm of DRI SS-OCT both in the wide and standard macular scans. We used the average thicknesses of total (6 mm diameter area) and eight out of nine Early Treatment Diabetic Retinopathy Study (ETDRS) subfields (except for central fovea): inner superior (IS), inner nasal (IN), inner inferior (II), inner temporal (IT), outer superior (OS), outer nasal (ON), outer inferior (OI), and outer temporal (OT) composed of the inner, intermediate, and outer rings with diameters of 1, 3, and 6 mm, respectively (Fig 1) . For the analysis of circumpapillary area, cpRNFL thickness was measured by automated placement of a circle 3.4 mm in diameter, centered on the disc, both in the wide scan and standard macular scans. We used the average thicknesses of global cpRNFL and superior, inferior, nasal, and temporal quadrants determined using the same segmentation software (Fig 1) . Data were exported using the manufacturer's OCT-Batch utility (version 4.3.0.118).
As measurement errors including segmentation errors or artifacts might affect thickness measurements, [12] all of the images were reviewed by two masked observers (M. S and E.H. H). We excluded all detected measurement errors, even those that appeared in only a single Bscan image. If any images with centration error, fixation error, or segmentation error were detected, that patient was excluded from the sample. Only images that were considered adequate by both masked observers were included in the analysis.
Statistical analysis
Statistical analyses were conducted using SPSS (version 12 for Windows; SPSS Inc., Chicago, IL, USA). Independent t-tests were used to compare thickness parameters between normal subjects and glaucoma patients. Intraclass correlation coefficients (ICC) were used to determine the repeatability of each scan. The agreements of mGCIPL, mGCC and TRL thickness measurements in total and eight ETDRS subfields between wide and standard macula scans were analyzed using ICC, and the agreement of cpRNFL thickness measurements in the total area and quadrant sectors between wide scans and standard disc scans were also analyzed using ICC. To interpret the degree of agreement, we followed guidelines described by Fleiss and Cohen: an ICC of 0.75-1.00 represents excellent agreement, 0.6-0.75, good agreement, 0.4-0.6, fair agreement, and < 0.4, poor agreement. [13] Bland-Altman graphs were used to graphically represent the differences between thickness measurements obtained with the two scan modes (wide mode and standard macula mode for macula thickness parameters, wide mode and disc mode for cpRNFL thickness). The abilities of these parameters to discriminate between glaucoma and control groups were assessed using areas under the receiver operating characteristic curves (AUCs). For all tests, the level of statistical significance was set at P < 0.05.
Results
Of all subjects who were examined using both wide and standard macula scans or both wide and standard disc scans during the study period (a total of 300 eyes), we excluded 178 eyes because they showed retinal pathology, SE of less than -6.0 D or greater than +6.0 D, measurement errors in SS-OCT images, or poor-quality SS-OCT images. A total of 122 eyes of 122 subjects were included in this study; 60 eyes were glaucomatous and 62 were healthy. All 122 eyes were examined using both wide scan and standard macula scan. All 60 glaucomatous eyes and 48 eyes among 62 healthy eyes were examined using standard disc scan. The demographics and ocular data of each group are summarized in Table 1 . The mean age of the total sample was 56.60 ± 13.73 years and there were no differences in age, gender, and IOP between the normal and glaucoma groups. The average (total) thicknesses of mGCIPL, mGCC, and TRL for each group as measured by wide and standard macula scans, and the thickness parameters of cpRNFL for each group as measured by wide and standard disc scans, are also shown in Table 1 . Average mGCIPL thickness was 72.40 ± 5.86 μm versus 64.16 ± 7.85 μm in normal and glaucomatous eyes, respectively, by wide scan (P < 0.001), and 71.65 ± 5.63 μm versus 64.34 ± 6.66 μm, respectively, by standard macula scan (P < 0.001). Total cpRNFL thickness was 109.39 ± 9.33 μm versus 86.44 ± 17.06 μm in normal and glaucomatous eyes, respectively, by wide scan (P < 0.001), and 109.49±9.46 μm versus 86.48 ± 15.68μm, respectively, by standard disc scan (P < 0.001). The macular thickness and cpRNFL thickness were significantly thinner in glaucoma eyes compared to normal eyes (P < 0.001, for all).
All ICC values were > 0.9 in each repeated scan mode measurement, separately measured in total, normal and glaucoma groups (0.991-0.999 in macular thickness parameters; 0.993-0.998 in cpRNFL thickness parameters, Table 2 ).
The thickness of the total and each ETDRS subfield in each macular layer measured by wide and standard macula scans, and the total and sectoral cpRNFL thickness measured by wide and standard disc scans, are shown in Table 3 . The ICC values between wide and standard macula scans for macular thickness parameters, and between wide and standard disc scans for cpRNFL thickness parameters are also shown. For mGCIPL thickness, the ICC values for total and all subfields showed excellent agreement (total, 0.837-0.994; normal, 0.897-0.992; glaucoma 0.800-0.993). For mGCC thickness, the ICC values for total and all subfields also showed excellent agreement (total 0.984-0.995; normal 0.960-0.991; glaucoma 0.981-0.997). For TRL thickness, the ICC values for total and all subfields in all groups showed excellent agreement (0.911-0.997). The ICC values for total and sectoral cpRNFL thickness showed excellent agreement (total, 0.864-0.992; normal, 0.832-0.988; glaucoma, 0.872-0.985). Fig 2 shows wide and standard macula/disc scan measurements of total (average) mGCIPL, mGCC and cpRNFL thickness in normal and glaucoma groups. Fig 3 shows the Bland-Altman plots of thickness for each macular layer (mGCIPL, mGCC and TRL) and cpRNFL thickness. The plots of cpRNFL, mGCIPL, and mGCC thickness also show significant correlation, in that the difference (wide-standard macula or disc scan) becomes larger as the measurement value increases. Table 1 . Demographics and ocular data including macular ganglion cell layer plus inner plexiform layer (mGCIPL), mGCIPL plus nerve fiber layer (mGCC) and total retinal layer (TRL) measurements by swept source optical coherence tomography (SS-OCT) wide scan and standard macula scan, and circumpapillary retinal nerve fiber layer (cpRNFL) measurements by SS-OCT wide scan and standard disc scan of normal subjects and glaucoma patients. Values are presented as weighted mean ± standard deviation (SD), Ã Independent t-test; † Chi-square test. Abbreviations: IOP = intraocular pressure; MD = Mean deviation; PSD = pattern standard deviation; dB = decibels; mGCIPL = ganglion cell layer plus inner plexiform layer; mGCC = mGCIPL plus nerve fiber layer; TRL = total retinal layer; cpRNFL = circumpapillary retinal nerve fiber layer; Temp = Temporal; Sup = Superior; Nas = Nasal; Inf = Inferior AUCs showing the ability of each scan mode to distinguish eyes with and without glaucoma are presented in Table 4 . Overall, the best parameter was total cpRNFL thickness using standard disc scans (AUC = 0.902). Among average thickness parameters, the cpRNFL thickness was the best in both wide and standard disc scans (AUC = 0.886 and 0.902, respectively), followed by mGCC thickness in both wide and standard macula scans (AUC = 0.822 and 0.827, respectively), and mGCIPL thickness (AUC = 0.815 and 0.815, respectively). For mGCIPL and mGCC thickness, the best two parameters in both wide and standard macula scan were OT and OI (mGCIPL wide, 0.836 and 0.824, respectively; mGCIPL standard macula, 0.836 and 0.847, respectively; mGCC wide, 0.854 and 0.828, respectively; mGCC standard macula, 0.848 and 0.830, respectively). In cpRNFL thickness, the best two parameters in both wide and standard disc scans were total thickness and inferior quadrant thickness (wide, 0.886 and 0.897, respectively; disc, 0.902 and 0.898, respectively). The worst two parameters in mGCIPL in both wide and standard macula scans were IN and ON (wide, 0.701 and 0.702, respectively; standard macula, 0.710 and 0.716, respectively). The worst two parameters in mGCC, in both wide and standard macula scans, were IS and IN (wide, 0.724 and 0.710, respectively; standard macula, 0.733 and 0.702, respectively). The worst parameter in cpRNFL in both wide and standard disc scans was temporal quadrant thickness (wide, 0.726; standard disc, 0.749). There were no significant differences in ability to diagnose glaucoma between wide and standard macula/disc scans in all measurements.
Discussion
In this study, we assessed the agreement between wide and standard macula scans used for measuring the thickness of the macular ganglion cell layer, and between wide and standard disc scans for measuring cpRNFL thickness. We also compared the glaucoma-discriminating abilities of parameters measured using wide scan versus standard macula/disc scan. Our results indicate that wide scans show good agreement with standard macula/disc scans, and that the diagnostic ability of wide scans is comparable to that of standard macula/disc scans for assessing glaucoma. Before the introduction of wide scan SS-OCT, standard macula and disc scans, which must be performed separately, were both needed to evaluate glaucoma patients and to assess mGCC and cpRNFL thickness, respectively. A previous study assessed the diagnostic ability of wide imaging with SD-OCT in glaucoma, [14] but the wide area used (8 mm diameter) did not include the circumpapillary area. The wide scan (12 X 9 mm) mode of SS-OCT covers both the macular and circumpapillary areas, and the incorporated automated segmentation software makes it possible to analyze the cpRNFL and mGCC thicknesses simultaneously using data from a single wide scan. Thus, a single wide scan may replace separate standard macula and disc scans, if the diagnostic power and accuracy of wide scan is comparable. There have been a few studies evaluating the agreement of SS-OCT wide scan measurements and SD-OCT measurements, [11] and comparing the diagnostic ability of SS-OCT wide scan parameters and SD-OCT parameters. [9, 10] Lee et al. used SS-OCT wide scan and SD-OCT standard macula scan to measure mGCC thickness and standard disc scan of SS-OCT and SD-OCT to measure cpRNFL thickness. They then evaluated intradevice repeatability and interdevice agreement of thickness measurements, but only in healthy subjects. Their results showed that SS-OCT had excellent repeatability, comparable with that of SD-OCT. [11] Yang et al. used SS-OCT wide scan to measure RNFL thickness in a wide area (12 X 9 mm), and standard disc scan of SS-OCT and SD-OCT to measure cpRNFL thickness. They compared diagnostic abilities of these scan modes for glaucoma detection and reported that RNFL thickness of the wide area and circumpapillary area as measured by SS-OCT had similar diagnostic accuracy to that of cpRNFL thickness measurements obtained by SD-OCT. [10] In another study, the same team used SS-OCT wide and SD-OCT standard macula scans to measure mGCC and mGCIPL thickness, and standard disc scans of SS-OCT and SD-OCT to measure cpRNFL thickness. They evaluated the diagnostic ability of these scan modes to detect glaucoma (and early glaucoma), finding that the diagnostic ability of mGCC and mGCIPL thickness measurements of both SS-OCT and SD-OCT were similar to that of cpRNFL. [9] These previous studies compared measurements of SS-OCT with those of the corresponding mode of the SD-OCT, but did not compare measurements between the modes of SS-OCT. To our knowledge, ours is the first report to compare the measurements and diagnostic ability of wide scan and standard macula/disc scans of SS-OCT in patients with glaucoma. Wide scan with SS-OCT for glaucoma diagnosis
The repeatability for each scan was excellent (ICC values between 0.991 and 0.999). The ICC values obtained for evaluating the agreement between wide and standard macula/disc scans also showed excellent agreement in all parameters (0.800-0.997). Similar reproducibility of the mGCIPL thickness parameters in SS-OCT wide scans (ICC values between 0.958 and 0.995) was reported in a previous study. [11] These results indicate that macular and cpRNFL parameters of SS-OCT wide scans showed good reproducibility and good agreement with SS-OCT standard macula/disc scan in general.
In the present study, the ability to detect glaucoma was similar between wide and standard macula/disc scans. The AUCs were greatest in total and inferior quadrant cpRNFL for both wide and standard disc scans. Similarly, previous studies reported that total and inferior quadrant cpRNFL parameters showed the largest AUCs (0.89 and 0.90, respectively) using SS-OCT standard disc scans, [10] and superior quadrant, total and inferior quadrant cpRNFL parameters (0.87, 0.83, and 0.79, respectively) as the top 3 cpRNFL parameters using SS-OCT wide scans. [9] For macular parameters, OT and OI subfields for both wide and standard macula scans showed the largest AUCs. This result is also in agreement with previous studies. [8, 9] The highest AUCs among mGCIPL parameters fell into the OT and OI subfields (0.825 and 0.847, respectively) in SS-OCT standard macula scan. [8] Similarly in SS-OCT wide scans, inferotemporal and superotemporal sectors among the 6 divided sectors of mGCC and mGCIPL harbored the largest AUCs (mGCC, 0.84 and 0.82, respectively; mGCIPL, 0.81 and 0.73, respectively) in another study. [9] As described in previous studies, [15, 16] the greater diagnostic abilities in outer subfields than inner subfields can be explained by higher susceptibility to glaucomatous damage in inferior arcuate fibers, followed by superior arcuate fibers, then papillomacular fibers. [17] In addition, the superior diagnostic abilities of temporal and inferior subfields may be due to differences in spatial distribution of superior and inferior retinal ganglion cell (RGC) axons. Axons of inferior macular region RGCs project to the inferior pole of the optic nerve head (ONH), while axons of the superior macular region RGCs project to the temporal ONH, [18] which is generally not involved until end stages of disease. [17] Thus, glaucomatous damage at the inferior pole of the ONH may reflect damage to the inferior and inferotemporal macular area, meanwhile glaucomatous damage at the superior pole of the ONH may not be detected in the macular analysis.
The results of this study showed generally good agreement between wide and standard macula/disc scans. However, there were tendencies in total cpRNFL, mGCIPL, and mGCC thicknesses that the difference (wide-standard macula/disc) was larger as the measurement value became thicker (Fig 3) . Considering these points, it is difficult to say that they are interchangeable between the wide scan and standard macula/disc scan. Nevertheless, as wide scans show comparable diagnostic ability to the standard macula/disc scan for assessing glaucoma, the results of this study suggest that a single wide scan can replace the separate standard macula/disc scan used for evaluating glaucoma patients. Acquiring macular and circumpapillary measurements using a single wide scan is less time consuming, and minimizes alignment errors compared to using two separate scans. Patient fatigue can be reduced compared to separate scans, which can also reduce measurement errors such as fixation error, and will also lessen interference from blinking eyes while performing scans. Furthermore, SS-OCT has the advantage of higher scan speed than SD-OCT, which further improves the patient convenience and minimizes measurement errors. In addition to patient convenience, performing a single wide scan instead of a single standard macula or disc scan during routine exams in glaucoma and retina clinics can reduce the risk of missing disease, as relatively high rates of retinal comorbidity in glaucoma patients have been known. [19] In Topcon SS-OCT, wide and standard macula/disc scans use the same resolution of 512 A-scans X 256 B-scans and cover different size areas (12 X 9 mm in wide scan, 6 X 6 mm in standard macula/disc scan). Among the wide scan mode types offered by Topcon SS-OCT, 3-Dimensional 5-Line Cross mode (3D 5LC mode) provides central 5 line scans (also 12 X 9 mm) horizontally and vertically in addition to the 3-Dimensional volume scan, which provides sufficient information about the macular and circumpapillary areas in a single examination. Another strength of wide scan is that defects in 11 and 12 o'clock cpRNFL (in the right eye orientation) that appear less apparently in the macular area of standard macula scan than 6-10 o'clock cpRNFL defects [20] can be easily missed in standard macula scan, while they are hard to be missed in a single-page report of wide scan including both cpRNFL and mGCC. In addition, the RNFL thickness map included in the report of wide scan (Fig 1A) has another strength. A recent study have shown that RNFL thickness map of wider area (12 X 9 mm) provided in wide scan of SS-OCT could detect early structural changes that could not be detected well using cpRNFL or mGCIPL thickness maps and RNFL defects apart from the optic disc can be more easily visualized with the widefield RNFL maps. [21] There are several limitations of this study. First, the results of this study were obtained entirely from subjects of East Asian descent. Additional studies using subjects from different populations are required to generalize our conclusions. Second, as this was a retrospective chart review study, we were unable to evaluate ability to identify glaucomatous progression in each scan mode; further longitudinal studies are needed to address this question. Third, the glaucoma patients included in this study showed average MD of -5.26, which indicates that most were experiencing early to moderate glaucoma. As thickness measurements vary according to the severity of glaucoma, there may be differences in results depending on the distribution of glaucoma severity. Additionally, the distribution of IOP suggests that most of the glaucoma patients included had normal tension glaucoma; there may be differences in measurements associated with the classification of glaucoma. These questions remain to be addressed with larger studies, while considering the distribution of glaucoma. Lastly, we used only the Topcon SS-OCT among several SS-OCT models in this study. As other latest commercial models of SS-OCT also provide wide scan mode, the advantages of a single wide scan could also be applied to other models of SS-OCT.
In conclusion, the agreement of macular thickness measurements between SS-OCT wide scan and SS-OCT standard macula scan, as well as the agreement of cpRNFL measurements between SS-OCT wide scan and SS-OCT standard disc scan were both generally excellent, and the glaucoma-discriminating ability of SS-OCT wide scan was comparable to that of SS-OCT standard macular scan for macular thickness measurement and SS-OCT standard disc scan for cpRNFL thickness measurement. Considering accuracy, patient convenience, and efficiency of medical care, a single wide scan can replace separate standard macula/ disc scans when evaluating glaucoma.
